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Executive Summary

Transistor and power amplifier IC technology was developed under UCSB for the
DARPA SWIFT program. SWIFT seeks to develop sub-mm-wave transistors and 1Cs to
support 340 GHz-band imaging and radar systems. By program end, HBT power-gain
cutoff frequencies were increased to 880 GHz, simultaneous with a ~5 V breakdown
voltage. HBT layer structure designs and process flows, and initial 340 GHz power
amplifier designs developed at UCSB were transferred to Teledyne Scientific. Teledyne
Scientific then fabricated both transistors and ICs under the financial support of a
separate DARPA program; results at TSC include a 2 mW power amplifier at 340 GHz.

Device technology development at UCSB included a number of significant
accomplishments supporting the future development of sub-mm-wave transistors and
integrated circuits, including all-dry-etched processes for reliable formation of ~128 nm
feature size transistor emitters and ultra low resistivity contacts for the emitter and base
contacts. These several features are critical in enabling transistor bandwidths to extend to
the low THz regime.



Program Goals -

T, ™

Metric/Milestone Unit Program Intermediate Phase 1 G/ING
objective milestones
start Q4 Q7
March 1, 2006 December 31, 2006 | December 31, 2007
scaling generation (emitter size) nm 500 250 125
current-gain cutoff frequency ft GHz 450 500 700
power-gain cutoff frequency fmax GHz 490 700 1100
common base breakdown BVCBO \ 35 3.5 2.1
Monolithic Amplifier
operation frequency GHz 176 340 +/- 40 340 +/- 20
output power mw 7.4 5 50
gain dB 5 5 14
bandwidth % 5 5 5
power-added efficiency % 5 3 5
phase noise at 100 Hz offset dBo/Hz N/A -38 -38
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Figure 1: SWIFT Program Goals; technology for downlooking UAYV radar.

Motivation / application

Sub-mm-wave systems in the 340 GHz-1000 GHz frequency range will support short-
range to moderate range and high-resolution radar and imaging systems. The candidate
system application (Figure 1) is a downlooking radar system for UAVs. The radar is in
the form of a linear array arranged perpendicular to the UAV's direction of motion.
Imaging of the ground in the direction of UAV motion is by standard aperture synthesis
using the Doppler shift, while resolution of the ground in the direction perpendicular to
UAYV motion is using phased-array techniques. By using very short wavelength (sub-
mm-wave radiation at 340 GHz), a round resolution of order 10 ¢cm can be obtained with
a ~ 10 meter array baseline (the UAV wingspan) with the UAV flying | km above the
ground.

From these initial system specifications, and from a signal-noise ratio analysis, a UAV -

based ground imaging system will be feasible given transmitter output power of order 50
mW/module (power-combining to be used between modules) and a receiver noise figure
of order 5 dB.

In this particular program, a contract to UCSB under DARPA's SWIFT program, UCSB
was contracted to develop base electronics technology for the 340 GHz transmitter , and
hence the 18 month program goals were to develop a 340 GHz power amplifier with 50
mW output power. To obtain such circuit performance, wideband transistors are

required; device development goals under the program therefore consisted of a 500 GHz



f. 700 GHz f_, HBT at the 250 nm scaling generation, with a target date of Dec. 31,
2006, and of a 700 GHz £, , 1100 GHz f,_, HBT at the 125 nm scaling generation, with
a target date of Dec. 31, 2007, the phase 1 program end date.

Technology Status
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Figure 2: HBT Performance at Program Start, January 2006

InP DHBTS: September 2008
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Figure 3: HBT Performance at final program review, September 2008. Note the change in
ft, fmax axes.

Figure 2 and Figure 3 compare the performance of HBTs over the period January 2006 to
September 2008. In this period, the HBT f__ has been increased from 500 to 900 GHz.

Transistor scaling laws

HBT scaling laws

Goal: double transistor bandwidth when used in any circuit
— keep constant all resistances, voltages, currents
— reduce 2.1 all capacitances and all transport delays

r,=T}[2D,+T,/v  — thin base ~1.414:1

7 =T 2 — thin collector 2:1

C, < A, /T, — reduce junction areas 4:1
R =pld - reduce emitter contact resistivity 4:1
I .. <A |T? (curent remains constant, as desired ) (emitter length L, )

c.Kirk

o P 5 P n junction a 4.1
AT = e In W 1T 7k reduce widths 2:1 & reduce length 2:1 — doubles AT X
L "RE - reducing widths 4:1, keep constant length— small AT increase v/

R, = A o W, +_ P — reduce base contact resistivity 4:1
1 21‘! 6Lt Aconlacl:

reduce widths 2:1 & reduce length 2:1 — constant R, v
reducing widths 4:1, keep constant length — reduced R, Ve

Linewidths scale as the inverse square of bandwidth because thermal constraints dominate.

Figure 4: HBT Scaling Laws

Figure 4 illustrates HBT scaling laws. For each 2:1 increase in device bandwidth the
collector layer must be thinned 2:1, the lithographic dimensions reduced 4:1, the current
density increased 4:1 and the resistivities of the Ohmic contacts reduced 4:1. In addition
to the challenges in developing fabrication processes which permit this rapid reduction in
device dimensions, the underlying challenges are in the great difficulties faced in
producing very low resistivity contracts, and in the difficulties faced in managing self-
heating at such high current densities. Developed from the scaling laws of Figure 4,
Figure 5 shows a scaling roadmap for mixed-signal HBTs. For sub-mm-wave HBTs such
as needed in the SWIFT program, the scaling roadmap is similar except that collect
thicknesses ~1.5:1 larger are employed, as this somewhat increases HBT f__ . albeit at

some sacrifice in digital speed.



Multi-THz InP HBT Scaling Roadmap -

emitter 512 256 128 64 32 nm width
16 8 4 2 1Q-um? access p

base 300 175 120 60 30 nm contact width,
20 10 5 25 1.25 Q-um? contact p

collector 150 106 75 53 37.5 nm thick,
45 9 18 36 72 mA/um? current density
49 4 3.3 275 ~2V breakdown

f. 370 520 730 1000 1400 GHz
fx 490 850 1300 2000 2800 GHz
power amplifiers 245 430 660 1000 1400 GHz

digital 2:1 divider 150 240 330 480 660 GHz

Figure S HBT Scaling Roadmap

256 nm generation

250 nm scaling generation DHBTS

All features realized by I-line lithography
Emitter contact resistance p, ., IS ~ 5 Q-um*
Base p.is <2 Q-um?’ as deposited...

Increases to ~ 6-7 Q-pm? after 60 min, 250°C BCB

Recall, 1/8 um scaling generation needs < 5 Q-um?* emitter p,

Figure 6: SEM Images of HBTs fabricated under SWIFT; 256 nm scaling generation.



256 nm Scaling Generation DHBTS -

150 nm thick collector 70 nm thick collector 60 nm thick collector
40~
30
304 L ! Ha
u
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Proportionally scaled device Significant sacrifice in f,and f,,,, collector much too thin for 256 nm
full potential f,and f,,, achieved. arising from imbalanced scaling. generation—» compromised f,and f,,,.

Device is for breakdown measurement.

Figure 7: RF and DC parameters of HBTs at the 256 nm generation.

During the first 9 months of effort under SWIFT, HBTs were fabricated using standard
mesa processes (Figure 6). Junction dimensions were reduced, epitaxial layers were
made thinner, and contact resistivities were decreased. The results (Figure 7) included
devices at 150 nm collector thickness with 780 GHz £ and devices with 60 nm

collector thickness showing 660 GHz f, .

HBT power amplifier development
Subsequent to the development of the 780 GHz £, HBT at UCSB, power amplifier

design was initiated. Mask designs included (Figure 8) versions of up to 60 mW
saturated output power. These designs were not successfully fabricated at UCSB. Both
IC designs and HBT process flows for the 256 nm scaling generation were therefore
transferred from UCSB to Teledyne Scientific and Imaging Inc. (TSC), who subsequently
fabricated lower-power versions of the design (Figure 9). An output power of 2 mW was
obtained in a single-HBT design.



UCSB Amplifier Designs -

- 8 to 16 finger two-stage design
- 2 finger single-stage design

« Shown with large pad structures
used for S-parameter measurements

» Two-stage design yields ~60 mW
» Small signal amp gives 7.2 dB

Figure 8: Mask Layouts of 340 GHz power amplifiers designed at UCSB

324 GHz Medium Power Amplifiers in 256 nm HBT

ICs designed by Jon Hacker / Teledyne
Teledyne 256 nm process flow-
Hacker et al, 2008 IEEE MTT-S
~2 mW saturated output power
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Figure 9: 2 mW 340 GHz TSC/UCSB power amplifier



Dry-Etched Emitter Technology: 256 nm generation
Process Must Change Greatly for 128 / 64/ 32 nm Nodes

control undercut
— thinner emitter

iy

thinner emitter thinner base metal
— thinner base metal — excess base metal resistance

Undercutting of emitter ends
{101}A planes: fast

O

e T SBSS
{111}A planes: slow

Figure 10: Difficulties faced in scaling HBT process flows to 128 nm & below.

128 nm Emitter Process: Dry Etched Metal & Semicon-

Litho pattern sidewall dry etch wet etch
metal g =
— BHF
Si02
Tiw
SRR
InGaAs n++ InGaAs n++ InGaAs n++
InP n InP n InP n | P n |
InGaAs p++ Base| |InGaAs p++ Base| |InGaAs p++ Base IInGaAs pe+ Basel InGaAs p++ Ba
304 20
H
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201 u hE 15
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results @ c.a. 200 nm emitter metal width

Figure 11: Dry-etched emitter process.



As shown in Figure 6, standard mesa and liftoff HBT processes can be used to build
devices at 256 nm emitter feature size. At smaller sizes (Figure 10), two major
difficulties arise. First, in making the emitter more narrow, emitter etch undercut must be
reduced. This requires thinning the emitter, which (in a liftoff process) then requires
thinning the base metal. High base metal access resistance then results from such thin
metal layers, and the HBT f_, drops. A second difficulty arises from wet-etching the

emitter. While the etch facets of InP allow the lateral etch rate to be low, reducing the
lateral undercut on the emitter sides, facet effects result in very rapid undercutting of the
emitter ends, particularly for very narrow emitters. For these reasons, wet etched and
lifted-off processes were abandoned at the 128 nm generation.

First Result @128 nm Generation

target 700 GHz f,, 1300 GHz f,,, when mature
here: first working devices

Dry-etched, refractory (TiW) emitter metal
Dry-etched emitter-base junction
Double-sidewall process for emitter adhesion

Process accidents: poor emitter, collector contacts/¥
High f,,., good B nevertheless demonstrated
better cal structures needed for 1+ THz devices
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Figure 12: 128 nm scaling generation HBTs fabricated with dry-etched emitters.

A very large effort and investment was made under the SWIFT program to produce dry-
etch emitter processes (Figure 11). It is necessary to dry etch both the emitter---so as to
control etch undercut---and the emitter metal----so as to control the metal profile. A
critical difficult in dry-etching the semiconductor is the accumulation of Indium Chloride
on the etched surfaces. InCl is non-volatile, and interferes with subsequent processing.
The developed processes used blanket-sputtered TiW refractory emitter metal, a metal
which will remain stable at high current densities. The TiW metal is patterned by dry-
etching. The emitter semiconductor is etched in an ICP-RIE system using Chlorine
chemistry, with a combination of substrate heating and Argon sputtering used to drive off
the InCl. Initial results of this process (Figure 11) produced HBTs with ~200 nm emitter
feature size and 560 GHz f, and f,,, . This was the first transistor of any type to have

both cutoff frequencies simultaneously exceed 500 GHz.
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Very recently, modified versions of the dry-etched emitter process flow have resulted in
HBTs with 128 nm junctions and measured 880 GHz f,_ (Figure 12).

Scaled Epitaxy

UCSB Standard Grade e pRETE ,
(nm) Materiai Deping (cm™) Description
InGaAs/InAlAs 18 nm 10 InoyGacwds | 2010': 81 Setback
18 InGaAsInAlAs 210" 81 Superlattice grade
3 P 341078 Delta Doping
DHBT
Sub-monolayer Grade yror e
(nm) Material Doping fem™) Descriprion
InGaAS/InAIAS 10.8 nm b Ing 33Gag o As P lO": S1 Setback
10.8 WGaASTIALAs | 2107 si | Submieuclaye
3 InP 6.2:10": 81 Delta doping
. DHBT 40
Strained In,Ga, ,As Grade TR | i | Shoarons | e
InGaAs/GaAs 6 nm 1 Ing 53Gag o As 310780 Setback
6 INGaAsPGaAs 3:10": s Stramned grade
4 InP 6.2:10": 81 Delta doping

Figure 13 Revised collector grade designs for thinner epitaxial layers.

As collector layers are thinned for increased ( f, , f,.,. ) as per the scaling roadmap

(Figure 5), the collector grade design must be revised (made thinner) so as to maintain
the collector breakdown field. Revised collector designs with thinner grade layers were
developed (Figure 13); these increased the measured low-current breakdown voltage by
approximately 0.5 V (Figure 14). These layer designs were incorporated into the 560
GHz f, ,560 GHz f_, result of Figure 11
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DHBT 41 - f, ~ 560-600 GHz

Material :Doping cm?| Description
1 e e 1—:——. v-‘lw - -'-'_-
50 In,Ga,As 2307 & Setback

SMSLB-C
10" -
1 InGaAs/mAIAs 210" :Si Grade
InP |6.2 -10% : Si| Pulse doping
InP | 210" :Si

DHBT 42 - f, ~ 500 GHz

m Material IDoping cm’| Description
| InGaAs__ 1590":C| Base

0 noGa.As 23078 Setback
30% increase in BVcbo by scaling setback and grade | 18 InGaAs finAlAs 210554 SLE-C Grade

InP |3.4-10": Si
InP i 2:10"7:Si

No degradation in f, (~500 GHz+) for thinner setback,
i.e. current blocking efficiently suppressed

Note that breakdown is lower than earlier 75 nm UCSB
devices - collector doping has been increased by 10x to
increase maximum current density

Figure 14: Measured improvement in breakdown voltage with thinned grade layers.

Conclusions

In the course of the SWIFT program HBT power gain cutoff frequencies were increased
from 500 GHz to 880 GHz. This was accomplished by scaling the HBT from 500 nm
feature size through 128 nm feature size, and demanded concurrent improvement in HBT
process flows, low resistance emitter and base contacts, and revised epitaxial layer
designs with thinner collector layers and thinner collector-base grades. Fundamental
changes to the process flow were required in transitioning from the 256 nm to the 128 nm
nodes, with the elimination of traditional liftoff and wet-etch processes and their
replacement by blanket metal deposition (sputtering) and dry-etch processes, and the use
of dielectric sidewalls to separate device electrodes. Development of these central
process technologies was a major investment at UCSB made under support of the SWIFT
program, and will enable further progress of HBT development to the sub-128-nm
generations with associated multi-THz cutoff frequencies.
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